Formation of superhydrophobic micro-nanostructured iron oxide for corrosion protection of N80 steel Shijun 
H I G H L I G H T S
• Dual-scale micro-nanostructured Fe 3 O 4 films are formed on N80 steel after a hydrothermal treatment and a two-stage annealing.
• The surfaces of micro-octahedral structures are granulated with oxide nanoparticles after annealing in air or O 2 .
• The optimized superhydrophobic surface displays a water contact angle of 158.3°and a sliding angle of 3.3°.
• The coating also demonstrates good anti-corrosion performance in neutral, acid, and alkaline solutions.
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Introduction
N80 steel, one of most widely used steels for oil and natural gas pipelines, is prone to pitting and stress corrosions under the synergetic effect of H 2 S, CO 2 , O 2 and Cl − [1] . Preparing a superhydrophobic surface on the metal surface is one of the effective ways for corrosion protection or prevention [2] [3] [4] [5] [6] . In recent years, superhydrophobic coating has attracted a great deal of attention for corrosion protection of metals and alloys due to its simplicity in preparation, low cost, and good performance [7] [8] [9] [10] . Several outstanding works have been reported in the past few years. For example, Din et al. [11] [12] [13] revealed the relationship between microstructure and corrosion performance in the presence of TiO 2 particles on aluminium alloys. Shen et al. [14] [15] [16] investigated the formation of superhydrophobic surface on Ti 6 Al 4 V to protect the leading edges of aircraft wings against ice accumulation. Similar works 
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Materials and Design j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / m a t d e s also exist for Ti [17, 18] , Mg [19, 20] and Cu [21, 22] in the literature to form superhydrophobic layers for anti-corrosion application. Due to importance of N80 steel in the industry, it is of great interest to explore the use of superhydrophobic surface for its corrosion protection. Generally, a superhydrophobic surface requires a hierarchically rough structure and a low surface energy of the materials [23] [24] [25] . Many methods have been introduced to fabricate superhydrophobic steel surfaces, such as chemical etching [26, 27] , coating nanoparticles [28, 29] , hydrothermal treatment [30, 31] , and electrochemical deposition [32, 33] . The superhydrophobic property of fabricated surfaces can be further improved by generating micro-nanostructures. Annealing is one of the useful process to further improve the hydrophobic properties of films at high temperature and in different atmosphere [34] [35] [36] [37] [38] [39] . For example, Kim et al. [40] found that the prepared BiVO 4 surface was turned from hydrophilic to hydrophobic after annealing at 350°C for 2 h under N 2 atmosphere. Gupta et al. [41] found the coating of indium-tin alloy on glass substrates prepared using a frequency balanced magnetron sputter showed good hydrophobicity. After the coatings were annealed in air at 500°C for 8 h, they became superhydrophobic owing to the formation of corrugation-like microstructures. Meanwhile, Zhang et al. [42] used annealing treatment to fabricate superhydrophobic paper surface. It was found the wettability displayed a notable change to become superhydrophobic after the coated paper was annealed at 60-70°C. Applying this method to improve the superhydrophobic propriety of iron oxide films would be a convenient method towards enhanced hydrophobicity. Until now, few researches were found to manufacture the hydrophobic surface on N80 steel in this way.
Here, we report a new route by annealing hydrothermally prepared N80 steel in N 2 at 500°C for 2 h and then in O 2 to obtain dual-scale micro-nanostructured Fe 3 O 4 thin films. The surface microstructure, wettability, and electrochemical performance are investigated. The results suggest the annealing in N 2 and then in O 2 can greatly improve the micro-nanostructures for the as-prepared Fe 3 O 4 thin films with improved superhydrophobic and anti-corrosion performance.
Experimental

Materials
N80 steel rod (supplied by Yangzhou Keli environmental protection equipment Co., Ltd., the composition is listed in Table S1 ) with a diameter of 14.5 mm was cut into samples of 3 mm in thickness via a wireelectrode cutting machine. A 100 mL autoclave, supplied by Xi'an Yi Chuang Laboratory Instrument and Equipment Co., Ltd., KH-100, was used in this experiment for the hydrothermal treatment of the samples. Ethylenediamine (C 2 H 8 N 2 , EDA), tris (hydroxymethyl) aminomethane (Tris), dopamine hydrochloride (DA-HCl), octadecylamine (CH 3 (CH 2 ) 16 CH 2 NH 2 , ODA), sulphuric acid (H 2 SO 4 , 98%), sodium hydroxide (NaOH), anhydrous sodium sulfate (Na 2 SO 4 ), sodium nitrate (NaNO 3 ), sodium chloride (NaCl), and ethanol were purchased from Sinopharm. All chemicals were analytical grade and were used without further purification.
Sample preparation
The N80 steel substrates were ultrasonically cleaned in sequence with acetone, alcohol, and distilled water for several minutes in each step and dried in the air. The cleaned steel sample was placed into a Teflon-lined stainless-steel autoclave with 20 mL 3.75 M EDA aqueous solution. Different hydrothermal treatment temperatures (120°C, 135°C , 150°C, 165°C, 180°C) and reaction times (4 h, 5 h, 6 h, 7 h, 8 h, 10 h) were used, and the optimized reaction temperature and time were found to be 165°C and 7 h (as indicated in Fig. S1 , Supporting information). After being cooled to room temperature, the as-prepared sample was washed with distilled water and ethanol for several times and dried in the oven at 60°C for 1 h. After that, annealing was carried out in different atmospheres: air, O 2 , N 2 and N 2 -O 2 (treated in N 2 first and then in O 2 ) at 500°C for 2 h (heating rate is 5°C·min −1 ). Subsequently, the annealed iron oxide films were immersed in PDA solution (a mixed dilute aqueous solution of dopamine (2 mg·mL −1 ) and TrisHCl (50 mL, 10 mM)) with stirring for 12 h. Finally, the samples were treated in a 10 mM ODA ethanol solution, maintained at 55°C using a water bath for 12 h. The PDA-ODA treatment enables a dense layer of hydrophobic molecules to self-assemble on the oxide surface, giving rise to the superhydrophobicity for the corrosion protection. After the treatment, samples were washed with distilled water and ethanol for several times and dried in oven at 60°C for 1 h. The whole procedure of sample preparation is shown in Fig. 1 .
Sample characterization
X-ray diffraction (XRD) was performed using a Rigaku SmartLab Xray diffractometer with Cu-Kβ (λ = 1.3922 Å) at room temperature. Fig. 1 . Schematic of the procedure of sample preparation.
The scan rate was set as 0.2°·s −1 in 2θ range from 20°to 80°. X-ray Photoelectron spectroscopy (XPS) of the samples was taken with Shimadzu-Kratos AXIS Ultra DLD . Field emission scanning electron microscopy (FESEM) and energy disperse spectroscopy (EDS) analyses were performed in ZEISS SIGMA (Germany) to characterize the surface morphologies and element compositions of these samples. The surface morphology was imaged with an atomic force microscopy (AFM, Dimension Edge, Bruker). Transmission electron microscope (TEM) and high-resolution transmission electron microscopy (HRTEM) photographs were taken on a FEI Tecnai G2 F20 at an accelerating voltage of 200 kV. The water contact angle and sliding angle were measured with a JinHe JY-PHb contact angle measurement device. All samples were measured five times on different positions with a 10 μL water droplet at room temperature. The electrochemical corrosion measurement was performed in 5 wt% NaCl aqueous solution at room temperature using a CS350 electrochemical workstation. 3-5 measurements were carried out for every condition. Conventional three-electrode system was used for the measurements with the saturated calomel electrode (SCE) as the reference electrode, Pt as the auxiliary electrode and the sample as the working electrode. The exposed working electrode surface area was about 0.865 cm 2 , and distance between the working electrode and the reference electrode was around 1.4 cm. The volume of the electrolyte was 60 mL to ensure that the electrode surfaces were completely immersed in the electrolyte. The schematic diagram is shown in Fig. S2 . The scanning rate of the polarization measurements was 0.5 mV·s −1 . Electrochemical impedance measurement was carried out with AC signals of amplitude 10 mV peak to peak at the open circuit potential in frequency range from 10 mHz to 100 KHz. In order to ensure the accuracy of the measurements, the samples were kept in the test solution for 0.5 h before the measurement to achieve a steady state. The NaCl solution was not aerated before the experiment, and there was no agitation during the OCP measurement.
Results and discussion
The wettability of the different sample surfaces
The water contact angle and sliding angle of different samples are shown in Fig. 2 .
As indicated in Fig. 2 , the water contact angle of the bare N80 steel surface was approximately 50.2° (Fig. 2a) . When the oxide film was formed by the hydrothermal treatment, the water contact angle increased to 147.2° (Fig. 2c ), but the water droplet could not slide down (Fig. S4a) . The water contact angle increased to 149.4°after annealing in N 2 atmosphere for 2 h (Fig. 2d) , and the water droplet still could not slide down even when it was titled to 180° (Fig. S4b) . The water contact angle and sliding angle of the sample annealed in air for 2 h were around 150.5°and 19.9°( Fig. 2e and f) , respectively. A greater change was observed after annealing in O 2 , the sample shows superhydrophobicity with the water contact angle and sliding angle reaching 154.6°and 5.9°( Fig. 2g and h ), respectively. It is interesting to note that the superhydrophobicity was further improved after annealing in N 2 first and then in O 2 (500°C for 2 h in each): the water contact angle was 158.3°and the sliding angle was 3.3°( Fig. 2i and j) . For a comparison, the sample annealed in N 2 -O 2 displayed higher In the above images, CA stands for the contact angle and SA stands for the sliding angle.
hydrophobicity than the sample annealed in O 2 only. And the sample annealed in O 2 is more hydrophobic than that in air or N 2 . In general, the degree of superhydrophobicity is decided by the hierarchical structures and low surface energy. Therefore, the different annealing treatment might have induced the different surface morphologies, which will be discussed later.
Electrochemical analysis for the different samples
The potentiodynamic polarization of the bare N80, ODA-treated N80, air-treated, O 2 -treated, N 2 -treated, and N 2 -O 2 -treated samples in 5 wt% NaCl aqueous solution was obtained using the Tafel extrapolation method and displayed in Fig. 3 . The corrosion current density (I corr ) and corrosion potential (E corr ) are summarized in Table 1 and the standard deviation in I corr was calculated based on 3 samples under each condition.
A lower I corr and higher E corr correspond to a lower corrosion rate and a better corrosion resistance [43] . From Fig. 3 , the corrosion resistance of the samples after different annealing treatment has been improved compared with bare N80 steel. However, the corrosion current density has only decreased a little when the bare N80 was covered with ODA film only, indicating that applying ODA film on bare N80 is not an effective way to protect the N80 steel. After the as-prepared samples annealing in different atmospheres, E corr became more positive than the bare N80 steel. The slopes of the cathode polarization curves or the anodic polarization curves are larger than that of the bare N80 steel, indicating the corrosion on the annealed samples become slower. Among all the treatment conditions, the corrosion current density was the smallest for the sample annealed in N 2 -O 2 , which means the best corrosion resistance.
As indicated in Table 1 , the I corr of N 2 -O 2 treatment sample was more than one order of magnitude less than that of the bare N80. This sample also displayed the most positive E corr at −0.307 V. This is closely related with the best superhydrophobicity the sample has displayed, which has effectively minimized the contact between the sample surface and the corrosion media.
EIS was used to investigate the corrosion protection for the steel. Fig. 4 shows the Nyquist plots and Bode plots recorded for the bare N80, the ODA-treated N80, and the annealed samples in 5 wt% NaCl aqueous solution.
As displayed in Fig. 4a , the diameter of the semicircle in the Nyquist loop of the sample annealed in different atmospheres is larger than that of the bare N80, indicating the annealing process has enhanced the corrosion resistance. The largest semicircle diameter was observed for the sample annealed in N 2 -O 2 , which confirms its best corrosion inhibition performance among all samples. Fig. 4b shows the Bode plots of the various samples in 5 wt% NaCl aqueous solution. It is found that the total impedance of the sample annealed in air, N 2 , and O 2 was higher than that of the bare N80. An obvious change appeared in the sample annealed in N 2 -O 2, the magnitude of total impedance was much greater than that of the bare N80. Only one time constant was found for the bare N80 in the phase angle plot, as shown in Fig. 4c . For the annealed samples, a new time constant was observed in the low frequency region and the original one was shifted to a higher frequency region. Two types of the equivalent circuits were used to analyze the data as shown in Fig. 4d . When only one time constant was displayed, the equivalent circuit in Fig. 4d (i) was used (bare N80 steel). The equivalent circuit in Fig. 4d (ii) was commonly used to assess the extent of corrosion protection derived from the organic coatings, where R s is the solution resistance; R ct the charge transfer resistance; C f the capacitance of the inhibitor film on the surface, and the C dl the capacitance of the double electrical layer. The fitted EIS date are shown in 
where R t 0 is the resistance of the bare N80 steel, R t the sum of R ct and R f as the charge transfer resistance of the samples [44, 45] . Based on Table 2 , the surface coverage of the samples after annealing increased significantly, especially the one after annealing in N 2 -O 2 (97.05%). The higher surface coverage means the film was denser, so that the fewer surface defects would exist, leading to a better protection [36] . The results also reveal that annealing in different atmospheres has played a significant role and has resulted in the different degree of corrosion protection.
The surface morphology
The surface morphologies of the samples annealed in air, O 2 , N 2 and N 2 -O 2 are quite different, as shown in Fig. 5 .
Micro-octahedral structures with smooth surface are observed after the hydrothermal reaction and the size of the micro-octahedral structures is about 1-3 μm (Fig. 5a ). Morphological changes after annealing in different atmospheres are shown in the Fig. 5b -e. The surface morphology of the sample annealed in N 2 (Fig. 5b) shows similar structures as the as-prepared sample and just slightly larger particle size after the treatment. The surface of the micro-octahedra became roughened after treatment in air and O 2 due to the appearance of the nanoparticles (Fig. 5c-d ). Comparing the sample annealed in N 2 with the sample annealed in air or O 2 , the nanoparticles emerged because of the oxidation reaction during the annealing treatment. The sample surface annealed in O 2 is rougher than that in air because the oxidation reaction in O 2 is stronger than that in air, leading a higher degree of hydrophobicity for the sample surface. Furthermore, the sample annealed in N 2 -O 2 ( Fig. 5e ) displays more micro-octahedral structure with nanoparticles (Fig. 5f ). This type of surface morphology can result in the higher surface coverage as reported before. The highest coverage of such dual-scale micro-nano roughness is the main reason for best superhydrophobicity among all the observed samples. The mechanism can be described by the Cassie-Baxter mode of water contact [46] . A water could not completely wet a superhydrophobic surface, because the roughest hierarchical micro-octahedron/nanoparticle structure helps to trap more air between the water and the sample surface, which is responsible for the superior corrosion protection as compared with other samples. The AFM images of the nanoparticles on a 3 μm × 3 μm area of a large micro-octahedral facet of sample annealed in N 2 -O 2 are shown in Fig. 6 .
The AFM images are consistent with the FESEM image in Fig. 6 (f), which shows a rough structure composed of numerous nanoparticles. The mean surface roughness (R a ) of the nanoparticle surface is about 25.3 nm. The observation indicates that the surface of sample possesses a hierarchical feature.
The TEM and HRTEM images of the N 2 -O 2 annealed sample are shown in Fig. 7 . The size of the solid micro-octahedra is about 1-5 μm. From the inset TEM image, a grey area was observed, which corresponds to the edge of the micro-octahedral structures that is partially detached after annealing in air or O 2 . The HRTEM (Fig. 7b) and lattice fringes were obtained on the edge of the micro-octahedral structures. The lattice fringe spacing (0.253 nm) is in good agreement with that of the (311) planes of the Fe 3 O 4 and the selected area electron diffraction (SAED, the inset of Fig. 7b ) displays the characteristic diffraction rings of the Fe 3 O 4 polycrystal.
Crystal structure and chemical composition analyses
The samples go through dissolution and recrystallization processes during the hydrothermal treatment. At first, the ethylenediamine Table 2 Impedance parameters of specimens obtained from EIS Equivalent electrical circuit. [18]. The reactions in solution could be described by following steps:
The Gibbs free energy of reaction (4) is −345.1 kJ·mol −1 at the standard state (100 kPa, 298.15 K) [41] . The negative Gibbs free energy indicates the reaction is spontaneous, which has been verified by previous literatures [42, 43] . XRD and XPS were used to explore the crystal structure and chemical compositions of different films, the results are shown in Fig. 8 . Fig. 8a shows the XRD patterns of the N80 steel, as-prepared, airtreated, O 2 -treated, N 2 -treated, and N 2 -O 2 -treated films. The XRD pattern of the as-prepared film exhibits diffraction peaks around 2θ = 30.1°, 35.4°, 43.1°, 53.4°, 56.9°, 62.5°, 66.8°respectively corresponding to the (220), (311), (400), (422), (511), (440) . 89-0688) . Therefore, the Fe 3 O 4 in the film is crystalline and matches with the micro-octahedral structures. The other diffraction peaks belong to Fe and SiO 2 from the N80 steel. The diffraction peaks of the N 2 -treated film are similar to that of the as-prepared film. However, the stronger and narrower diffraction peaks of N 2 -treated film indicate it has a better crystallinity and bigger size [47, 48] . Besides the diffraction peaks of Fe 3 O 4 , Fe and SiO 2 , some weak diffraction peaks are observed when the samples were annealed in air (Fig. 8a(iii) ), O 2 (Fig. 8a(iv)) and N 2 -O 2 (Fig. 8a(vi) ). These peaks belong to α-Fe 2 O 3 . This provides evidence that further oxidation reaction took place when the thin film was annealed in air or O 2 [49] , the annealing has induced the granulation of nanoparticles on the micro-octahedral surface.
The XPS survey and the Fe 2p spectra of the thin films annealed in different atmospheres are shown in Fig. 8b and c. All peaks can be matched with Fe, O and C elements as labeled in Fig. 8b , which implies that no other elements exist in all the films. The peaks located at 710.4 eV and 723.9 eV of the N 2 -O 2 -treated film are ascribed to the Fe 2p 3/2 and Fe 2p 1/2 of Fe 3 O 4 , respectively [50] . Other films display similar binding energies at Fe 2p 3/2 and Fe 2p 1/2 as referenced to the standard Fe 3 O 4 [51] . The not-so-obvious satellite peak of Fe 2 O 3 between Fe 2p 3/2 and Fe 2p 1/2 can also be found, which suggests that Fe 3 O 4 might be partly oxidized [52] . Furthermore, the O 1s spectrum of the thin film annealed in N 2 -O 2 is shown in Fig. 8d . The peak located at 529.5 eV is assigned to the oxygen in the Fe 3 O 4 crystal lattice, and the peak at 531.3 eV corresponds to -OH as reported before [53, 54] .
EDS measurements were carried out to study the elemental distribution on the sample surfaces after the annealing. Fig. 9 shows the selected areas for the analysis and the corresponding EDS results of the (a) (b) as-prepared sample, (c) (d) sample annealed in air, (e) (f) sample annealed in N 2 , (g) (h) sample annealed O 2 , and (i) (j) sample annealed in N 2 -O 2 . For the as-prepared sample, the selected area is within the micro-octahedral facets, and the EDS only detects iron and oxygen elements, which belong to Fe 3 O 4 . After the annealing treatment in air or O 2 , the atomic ratio of Fe/O slightly decreases, which may be due to further oxidation reaction during annealing. The atomic ratio of Fe/O also decreased in the sample annealed in N 2 , which might be attributed to the increased grain size, leading to an increase in the absorption of O 2 from air [55] . The detected elements remain Fe and O without other impurity elements among all samples. According to the results, it is confirmed that only Fe and O elements exist on the surface of the micro-octahedra before and after the annealing.
Combining XRD, XPS, and EDS results, it can be concluded that the thin film consists of mainly is affected by the annealing treatment environment. The optimal processing has produced a dual-scale micro-nanostructure corresponding to the superhydrophobic Cassie-Baxter mode, which has displayed great anti-corrosion performance because of the effective isolation of the corrosive solution from the steel surface.
Anti-wettability behavior of the superhydrophobic sample
The superhydrophobic sample obtained by annealing in N 2 -O 2 was studied further for its anti-wetting behavior and self-cleaning performance. Untreated bare N80 sample was used as a reference. Fig. 10a compares the self-cleaning performance of the superhydrophobic treated surface and the bare N80 steel surface. Fig. 10 . Photographs of (a) bare N80 and superhydrophobic sample for self-cleaning, (b) bare N80 for water bouncing test, (c) the superhydrophobic sample for water bouncing test, (d) bare N80 for water jetting test and (e) the superhydrophobic sample for water jetting test. The investigation was carried out by applying anhydrous sodium sulfate powders as contaminant on the surfaces. On the superhydrophobic surface, the water droplets rolled off quickly and the powder was taken away by the rolling water droplets. On the bare N80 surface, however, the surface was gradually wetted and the powder remained on the surface. The results exhibit great selfcleaning performance for the superhydrophobic surface. When water droplets were placed on the bare N80 steel, the water wetted the surface quickly (Fig. 10b) . In contrast, the water droplet was bounced on the surfaces when it was dropped vertically at the height around 3 cm, as shown in Fig. 10c . Fig. 10d and e compare the response to a water jet impact. When the water jet hit the superhydrophobic surface, it continuously bounced off the surface (Fig. 10e) . The water jet could not wet the surface because of the lower surface energy and air cushion trapped in micronanostructure to separate the solid and liquid. On the contrary, water stayed on the bare N80 surface.
Wetting of different pH solutions
The contact angles and sliding angles of different pH solutions on the superhydrophobic sample annealed in N 2 -O 2 are shown in Fig. 11 . H 2 SO 4 and NaOH solutions were used to adjust the pH value. There was no large variation in the measured contact angle with changing pH. However, the effect of pH on the sliding angle appears to be more prominent: when the pH was at the range of 2-13, the sliding angle was less than 10°, a necessary criterion for superhydrophobicity. However, when the solution is extremely acidic or basic at pH = 1 or 14, the sliding angles were higher than 10°. There is a clear trend of certain degree of damage of the protective films when the solution pH is at the extremes. In summary, the sample annealed in N 2 -O 2 displayed good anti-wettability under a large range of pH values (2−13). We also studied the corrosion resistance of the superhydrophobic sample annealed in N 2 -O 2 in different corrosive solutions. The potentiodynamic polarization curves are manifested in Fig. 12a and b . The corrosion potential (E corr ) and corrosion current density (I corr ) are displayed in Table. 3. The more positive corrosion potential (E corr ) and lower corrosion current density (I corr ) of the superhydrophobic sample were observed in the acidic, neutral, and alkaline solutions.
The Nyquist plots of the bare N80 and superhydrophobic sample in different corrosive solutions are displayed in Fig. 12c and d . The impedance of the superhydrophobic sample is much higher than that of the bare N80, which confirms that the superhydrophobic sample annealed in N 2 -O 2 has a better corrosion resistance.
The schematic diagram in Fig. 13 summarizes the formation of the N 2 -O 2 treated superhydrophobic surface. The as-prepared sample surface consists of the micro-sized octahedral Fe 3 O 4 crystals after the hydrothermal treatment. After annealing in N 2 , the size of the microoctahedral structures has increased a little. Further annealing in O 2 , a layer of nanoparticles appeared on the surface of the micro-octahedral Fe 3 O 4 crystals due to the oxidation reaction as discussed above. From the EDS and XRD analyses, the increased atomic percentage of O and the appearance of the Fe 2 O 3 peaks indicate the nanoparticles belong to Fe 2 O 3 crystal. Such hierarchical micro-nanostructures, after the modification of low energy materials, displayed a high degree of superhydrophobicity. When the water droplets are placed on the surface, a larger amount of air will be trapped in the micronanostructures between water and the surface. For the corrosion resistance, the solution is prevented from contacting solid surface, which reduces the chance of the steel being corroded. In addition, the organic ODA on the surface also has the characteristics for anti-corrosion. All these have enabled the micro-nanostructured Fe 3 O 4 thin film on the surface of N80 steel to display a better superhydrophobicity and anticorrosion performance.
Conclusions
In this paper, a new route to anneal the hydrothermally treated N80 steel in N 2 at 500°C for 2 h and then in O 2 at 500°C for 2 h is proposed. The obtained micro-nanostructured Fe 3 O 4 thin film displayed a water contact angle of 158.3°and a sliding anger of 3.3°after the modification of the dopamine solution and the ODA solution. The large change in the surface microstructures leads to the necessary dual-scale roughness for the superhydrophobicity. The optimal sample displays great self-cleaning performance and is able to bounce off water during water drop and water jetting tests. Furthermore, the surface also demonstrated superhydrophobic behavior for water droplets in pH range from 2 to 13. Electrochemical experiment verifies that the sample annealed in N 2 -O 2 has the best corrosion resistance in different solutions. This work provides a new method to protect the steel surface through anti-wetting surface engineering. It has promising applications for many industrial devices and facilities. 
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